The rate constants for the reaction of 2-substituted cyclohex-1-enecarboxylic acids and the corresponding 2-substituted benzoic acids with diazodiphenylmethane were determined in various aprotic solvents at 30 ºC. In order to explain the kinetic results through solvent effects, the second order rate constants of the reaction of the examined acids were correlated using the Kamlet-Taft solvatochromic equation. The correlations of the kinetic data were carried out by means of multiple linear regression analysis and the solvent effects on the reaction rates were analyzed in terms of the contributions of the initial and transition state. The signs of the equation coefficients support the proposed reaction mechanism. The quantitative relationship between the molecular structure and the chemical reactivity is discussed, as well as the effect of geometry on the reactivity of the examined molecules.
INTRODUCTION
Related to the study of the influence of the solvent on the reactivity 1−3 of organic molecules, previous work is extended in this paper towards the reactivity ofα,β-unsaturated carboxylic acids in their reaction with diazodiphenylmethane (DDM) in various aprotic and protic solvents. In a previous study, the reactivity of 2-substituted cyclohex-1-enecarboxylic acids with DDM in various alcohols was investigated. 1 The rate data for these acids were correlated with the simple and extended Hammett equations. The results showed that linear free energy relationships (LFER) are applicable to the kinetic data for the 2-substituted cyclohex--1-enylcarboxylic acid system. In a recent paper, 2 hydroxylic solvent effects were examined on the reaction of α,β-unsaturated carboxylic acids with DDM by means of the linear solvation energy relationship (LSER) concept, developed by Kamlet et al. 4 The correlation equations obtained by stepwise regression for all the examined acids showed that the most successful approach, which aids the hydroxylic solvent effects in the reaction to be understood, lies in the separate correlations of the kinetic data with the hydrogen bond donating (HBD) and the hydrogen bond accepting (HBA) ability of the solvent. Multiple linear regression analysis (MLRA) is very useful in separating and quantifying such interactions of the examined reactivity. The first comprehensive application of multiple linear regression analysis to kinetic phenomena was that of Koppel and Palm, 5 who listed regression constants for the simple Koppel-Palm equation, for various processes. Aslan et al. 6 showed that correlation analysis of second-order rate constants for the reaction of benzoic acid with DDM in hydroxylic solvents did not give satisfactory results with the Koppel-Palm model. 5 They came to the conclusion that the possibility of Koppel-Palm analysis of data related to protic solvents depends on the fitting of data in a regression with the main lines being determined by a much larger number of aprotic solvents. To the best of our knowledge, the influence of aprotic solvents on the reactivity of carboxylic acids with DDM by the Kamlet-Taft treatment has not been systematically presented before, except for benzoic acid. 7 This paper demonstrates how the linear solvation energy relationship method can be used to explain and present multiple interacting effects of the solvent on the reactivity of 2-substituted cyclohex-1-enecarboxylic and 2-substituted benzoic acids in their reaction with DDM and the influence of the substituents of different nature at the C-2 position for the reactions in a given solvent set.
RESULTS AND DISCUSSION
The second order rate constants for the reaction of various 2-substituted cyclohex-1-enecarboxylic acids and 2-substituted benzoic acids with DDM in eleven aprotic solvents at 30 °C were determined. In order to explain the kinetic results through solvent effects, the second order rate constants of the examined acids in aprotic solvents, together with the previously determined second-order rate constants for the same acids in hydroxylic solvents, 1,2 were correlated using the total solvatochromic equation, of the form:
where α and β are solvatochromic parameters, s, a and b are solvatochromic coefficients, and A 0 is the regression value of the examined solute property in the reference solvent, cyclohexane.
In Eq. (1), π* is an index of the solvent dipolarity/polarizability, which is a measure of the ability of a solvent to stabilize a charge or a dipole by its own dielectric effect. The π* scale was selected to run from 0.00 for cyclohexanone to 1.00 for dimethyl sulphoxide.
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The α parameter represents the scale of solvent hydrogen bond donor (HBD) acidity and has a range from 0.00 for non-HBD solvents (e.g. n-hexane, cyclohexane) to 1.00 for methanol. It describes the ability of a solvent to donate a proton, or accept an electron pair in a solvent-to-solute hydrogen bond. The β parameter represents the scale of solvent hydrogen bond acceptor (HBA) basicity, in other words, the ability of a solvent to donate an electron pair, or accept a proton in a solvent-to-solute hydrogen bond. The β scale runs from 0.00 for non-HBA solvents (e.g. n-hexane) to about 1.00 for hexamethylphosphoric acid triamide. The obtained second-order rate constants for the examined cyclohex-1-enecarboxylic and benzoic acids in eleven aprotic solvents, together with the previously determined rate constants for the same acids in the hydroxylic solvents, are given in Tables I and II. The obtained results show that the rate constants increase with increasing solvent polarity. Comparison of the values of the reaction constants in protic and aprotic solvents indicates that the examined reaction is slower in aprotic solvents, which is in accordance with the proposed reaction mechanism. 8−11 The mechanism of this reaction in both protic and aprotic solvents was found to involve the same rate-determining step: proton transfer from the carboxylic acid to DDM, forming a diphenylmethanediazonium carboxylate ion pair, which rapidly reacts to give esters, or ethers in the case of hydroxylic solvents: The previous investigations of the reactivity of α,β-unsaturated carboxylic acids with DDM in various solvents 1−3 established that the characteristics of a solvent on the reaction rate should be given in terms of the following solvent properties: (i) the behaviour of a solvent as a dielectric, facilitating the separation of opposite charges in the transition state; (ii) the ability of a solvent to donate a proton in a solvent-to-solute hydrogen bond and thus stabilize the carboxylate anion in the transition state; (iii) the ability of a solvent to donate an electron pair and thereby stabilize the initial carboxylic acid, through a hydrogen bond between the carboxylic proton and the solvent electron pair. The parameter π* is an appropriate measure of the first property, while the second and the third properties are governed by the effects of the solvent acidity and basicity, expressed quantitatively by the parameters α and β, respectively.
Solvent -reactivity relationship
In order to explain the obtained kinetic results through solvent dipolarity/polarizability and basicity or acidity, the rate constants of the examined acids were correlated with the solvent properties using the total solvatochromic Equation (1). The solvent parameters 12 are given in Table III . The correlation of the kinetic data was performed by means of multiple linear regression analysis. It was found that the rate constants in the applied set of fourteen solvents show satisfactory correlation with the π*,α and β solvent parameters together in the same equation. The obtained correlation results are given in Table IV . From the results presented in Table IV , the general conclusion can be reached that the solvent effects influence the carboxylic acid-DDM reaction by two opposite contributions. The opposite signs of the electrophilic and the nucleophilic parameters are, as expected, in accordance with the described mechanism of the reaction. The positive signs of the s and a coefficients prove that the classical solvation and HBD effects increase the reaction rate, supporting the formation of the transition state, and the negative sign of the b coefficient indicates that HBA effects decrease the reaction rate and stabilize the state before the reaction begins. From the values of regression coefficients, the contribution of each parameter to reactivity, on a percentage basis, was calculated and is listed in Table V . From these results, it can be noticed that the non-specific interactions (π*) are less pronounced than the specific ones (α,β) in both carboxylic acid systems. However, the specific interactions have more influence on the cyclohexenyl than on the benzoic system. This probably means that the carboxyl group of the cyclohexenyl acids is more susceptible to the proton-donor and proton-acceptor solvent effects than the carboxyl group of the benzoic acids.
In order to obtain a complete view of the solvent interactions with the molecules of the examined carboxylic acids, the solvent effects are expressed quantitatively for every acid and refer separately to the reactants and the transition state in Table VI. Higher reaction rates and a more pronounced effect of the HBD solvation and non-specific interactions (polarity/polarizability) can be noticed for halogen-substituted acids in both systems. As the negative inductive effect of the halogen at C-2 stabilizes the carboxylic anion, it supports the transition state, thus accelerating the reaction. The results presented here show that the proton-acceptor solvent effects are somewhat more pronounced in the ground state for cyclohex-1-enecarboxylic acid and its 2-substituted derivatives than for benzoic acids, supporting the fact that the reaction rates are higher for benzoic acids. For the benzoic acid type, the dominant solvent effects are the proton-donor and non-specific interactions, characteristic for the transition state. This fact is likely to be a consequence of the degree of conjugation of the carboxylic group of the benzoic acids with the ring, in other words, the charge distribution in the carboxylic group, because of conjugation, makes the anion more stable and therefore the reaction faster. However, the more general conclusion arising from these results is that substituents at the C-2 position in both types of carboxylic acid have a secondary influence on the reaction with DDM and do not seem to cause steric hindrance between the reactants and the solvent. The principal influences on the reaction rate are apparently the solvent properties and the general form of the carboxylic acid molecule.
Structure -reactivity relationship
Taking into account the results presented in this work, it can be concluded that the solvation differences of the examined acids in their reaction with DDM derive from the structural differences between the cyclohex-1-enecarboxylic and benzoic acids. Such a conclusion can be drawn from the minimal energy molecular conformations. The geometric layout of the benzoic and cyclohex-1-enecarboxylic acids corresponding to the energy minima in solution were obtained using semi-empirical MNDO-PM3 energy calculations, as reported previously 13 and are shown in Figs. 1 and 2 .
In the molecule of benzoic acid, the carboxylic group is almost planar with the ring (Fig. 1) , which is the cause of the conjugation of the carbonyl group of the carboxylic group and the benzene ring. In the case of cyclohex-1-enecarboxylic acid (Fig. 2) , the carboxylic group is 142° twisted out of the plane of the double bond and is of the opposite orientation compared to benzoic acid. The double bond of cyclohex-1-enecarboxylic acid is much closer to the carboxylic group, which can have consequently an interaction between the carboxylic proton and the π-electrons of the double bond. This is hardly possible for benzoic acid because the position of its carboxylic group is quite different. Additional evidence of the solvent effect on the structure-reactivity relationship in the reaction of 2-subsituted cyclohex-1-enecarboxylic and 2-subsitututed benzoic acids with DDM was also obtained by the correlation of the log k values for the examined acids with the Hammett Equation (2): 14 log k = log k 0 + ρσ p (2) where ρ is the reaction constant, reflecting the sensitivity of log k to substituent effects. The substituent constant σ p 15 is a measure of the electronic effects of a substituent. The results of the correlations are given in Tables VII and VIII. The difference in the transmission of substituent effects through the benzene ring and the double bond in the cyclohexene ring were ascribed to the different polarizability of the double bonds of the examined compounds and the different solvent effects on the transmission of the substituent proximity effect at the C-2 position.
The poor correlation coefficients for the Hammett equations related to 2-substituted cyclohex-1-enecarboxylic acids, particularly in aprotic solvents, indicate that the cyclohex-1-enecarboxylic acid system is more sensitive to solvent effects than the benzoic acid system, for which the Hammett equations have rather high, reliable correlation coefficients. Based on the results presented in this paper and previously reported results for more than fifty carboxylic acids, it can be concluded that the solvatochromic concept of Kamlet and Taft is applicable to the kinetic data for the reaction of different carboxylic acids with DDM in various solvents. This means that this model gives a correct interpretation of the solvating effects on the carboxylic group in various solvents. The solvation models for 2-substituted cyclohex-1-enecarboxylic and 2-substituted benzoic acids are suggested. The results show that the 2-substituted cyclohex-1-enecarboxylic acid system is more sensitive to aprotic solvent effects than the 2-substituted benzoic acid system. EXPERIMENTAL Cyclohex-1-enecarboxylic, 2-methylcyclohex-1-enecarboxylic, 2-ethylcyclo-hex-1-enecarboxylic, 2-chlorocyclohex-1-enecarboxylic, 2-bromocyclohex-1-enecarboxylic and 2-iodo-cyclohex-1-enecarboxylic acids were prepared by the method of Wheeler and Lerner, 16 from the corresponding cyclohexanone cyanohydrine which was dehydrated to cyanocyclohexene. The nitrile was hydrolyzed with phosphoric acid to the corresponding cyclohex-1-enecarboxylic acid. Benzoic, 2-methylbenzoic, 2-ethylbenzoic, 2-chlorobenzoic, 2-bromobenzoic and 2-iodobenzoic acids were commercial products (Fluka, Germany).
The chemical structure and purity of the obtained compounds were confirmed by melting or boiling points, as well as 1 H-NMR, FTIR and UV spectroscopy.
Diazodiphenylmethane was prepared by the method of Smith et al. 17 and stock solutions were stored in a refrigerator and diluted before use. Solvents were purified as described in previous papers. 8, 18 All the solvents used in the kinetic studies were of analytical grade. Rate constants for the reaction of examined acids with DDM were determined as reported previously, by the spectroscopic method of Roberts and co-workers, 19 using a Shimadzu UV-1700 spectrophotometer. Optical density measurements were performed at 525 nm with 1 cm cells at 30±0.05 ºC. The second order rate constants for all acids were obtained by dividing the pseudo-first order rate constants by the acid concentration (the concentration of acid was 0.06 mol dm -3 and of DDM 0.006 mol dm -3 ). Three to five rate constant determinations were made for each acid in every case and, in particular, the second-order rate constants agreed within 3 % of the mean value. The correlation analyses were performed using Origin and Microsoft Excel computer software. The goodness of fit was discussed using the correlation coefficient (R), standard deviation (s) and the Fisher's value (F). Кoнстaнтe брзинe зa рeaкцију 2-супституисaних циклoхeкс-1-eнкaрбoксилних и oдгo-вaрaјућих 2-супституисaних бeнзoeвих кисeлина сa диaзoдифeнилмeтaнoм су oдрeђeнe у низу рaзличитих aпрoтичних рaствaрaчa нa температури од 30 °С. Дa би сe кинeтички рeзултaти oбјaснили пoмoћу eфeкaтa рaствaрaчa, дoбијeнe кoнстaнтe брзинe рeaкцијe другoг рeдa су кo-рeлисaнe Кaмлeт-Тaфтoвoм сoлвaтoхрoмнoм јeднaчинoм. Кoрeлaцијe кинeтичких пoдaтaкa су дoбијeнe пoмoћу мeтoдe вишeструкe линeaрнe рeгрeсиoнe aнaлизe и eфeкти рaствaрaчa су пoсeбнo aнaлизирaни у oднoсу нa oснoвнo и прeлaзнo стaњe. Aритмeтички знaци испрeд кoe-фицијeнaтa солватохромних пaрaмeтaрa рaствaрaчa одговарају претпостављеном мeхaнизму испитивaнe рeaкцијe. Тaкoђe јe прoучaвaн квaнтитaтивни oднoс мoлeкулскe структурe и рeaк-тивнoсти, кao и eфeкaт гeoмeтријe мoлeкулa испитивaних јeдињeњa нa њихoву рeaктивнoст. 
